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Abstract  
This paper estimates production functions for Greek regions over 1981-2003, using a 
novel human capital dataset. We construct rich human capital series, where data for 
employees are decomposed according to their education level. Our empirics include recent 
non-stationary panel techniques, allowing for cross-section dependence and parameter 
heterogeneity in production technology, along with fixed effects and dynamic panel 
estimators. We show that ignoring cross-section dependence and parameter heterogeneity 
has a serious distorting impact on the estimated results, both qualitatively and 
quantitatively. Our evidence shows that tertiary education has a strong positive association 
with labor productivity growth, while secondary education exhibits a negative 
relationship. Primary education, public capital and net agglomeration do not display any 
relation with growth. Overall, findings suggest that policy makers should account for 
spillovers alongside technology heterogeneity and direct their efforts towards the 
expansion of tertiary education in poor regions in order to promote convergence. 
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1. Introduction  
Recently, there has been an increasing interest in the estimation of production functions. In 
this framework, numerous studies have investigated labor productivity differences across 
countries and regions. This line of research has been motivated by persistent disparities 
both across and within countries worldwide and the quest for convergence in living 
standards across the globe set, among others, by international organizations like the United 
Nations (United Nations, 2000).  
 
Following this strand of inquiry, we investigate regional disparities in terms of labor 
productivity in Greece, putting special emphasis on human capital. Economic theory 
suggests a positive relation between human capital and productivity, implying that the 
former constitutes a basic force behind income convergence or divergence. Theoretical 
contributions focus on the distinct roles of human capital accumulation, human capital 
stock or both mechanisms behind the growth process (Lucas, 1988; Romer, 1990, 
Azariadis and Drazen, 1990). However, by looking at the data for a number of developed 
countries, we observe that there is no apparent relation between labor productivity and 
human capital, measured by average years of schooling, for the 1980-2010 period (see Fig. 
1 below).
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FIGURE 1: LABOR PRODUCTIVITY INDEX AND  
AVERAGE YEARS OF SCHOOLING (average 1980-2010)  
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Source: Labor productivity (GDP per employee; 2005=100) from European 
Commission's AMECO Database; Average years of schooling from Barro and Lee 
(2010) (right-hand axis) 
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 Data are obtained from the OECD and the Barro and Lee (2010) Educational Attainment Dataset, 
respectively.  
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There have been several attempts to test this relationship formally, usually employing 
cross-section country data. These studies use formal education indicators as proxies for 
human capital, because investment in education plays a central role in human capital 
accumulation. However, they provide contrasting results: growth effects of human capital 
are estimated to be positive, statistically insignificant or even negative in some cases 
(Pritchett, 2001; Barro and Sala-i-Martin, 2004). A basic reason for these puzzling results 
is that most studies use international datasets, but incorrectly impose equal returns to 
schooling (homogeneous coefficients) among countries (Temple, 1999a, 1999b; Krueger 
and Lindahl, 2001; Di Liberto, 2007). This is problematic, because education provision is 
affected by educational institutions, which often differ across countries. Moreover, returns 
to education are likely higher in countries with a better educated labor force (Azariadis 
and Drazen, 1990). Another issue is that education investment is not linked with 
productivity in some cases, i.e. education is not only an investment but also a consumption 
good for individuals. Finally, especially in less developed countries, public sector employs 
almost all skilled labor force, creating distortions in the estimation of education returns, 
since these are determined mostly by government regulations and not market forces 
(Griliches, 1997). 
 
In this paper, we try to shed some light into this puzzle, by estimating the production 
functions for Greek regions
2
 in a unified framework, putting emphasis on human capital 
effects emerging from different education levels. This is where our contribution lies: our 
study represents a novel attempt to investigate labor productivity in Greek regions for a 
fairly long period (1981-2003) using annual data. Here, we should note that we are the 
first to construct human capital data, which include graduates of primary, secondary and 
tertiary education as a percentage of the employed population, at NUTS 3 level. We focus 
on a homogeneous dataset, since Greek regions are characterized by common institutions 
and a harmonized education system in terms of regulatory framework. In addition, the 
decomposition of education into levels allows us to estimate their differential effects on 
productivity. Such estimations are frequently ignored by the literature. Another 
methodological contribution of this paper consists in the joint examination of the role of 
cross-section dependence and parameter heterogeneity in a non stationary panel 
framework. These issues arise due to common shocks, spillovers and production 
                                                 
2
 Increasing evidence suggests that regional rather than national economies are the decisive units at which 
growth takes place (Ohmae, 1995; Storper, 1997; Cheshire and Malecki, 2004). 
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technology heterogeneity (Costantini and Destefanis, 2009; Eberhardt and Teal, 2011). 
This is crucial given the high degree of interdependency among regional units. Finally, we 
allow for agglomeration effects on labor productivity, due to location (McDonald and 
McMillen, 2007). Specifically, we account for labor market pooling due to easy access of 
both employers and employees to alternatives and population proximity, which facilitate 
skill “matches” and product distribution, respectively (Cohen and Morrison Paul, 2009). 
Concurrently, our analysis accommodates congestion diseconomies. 
 
We first, show that parameter heterogeneity and cross-section dependence seriously affect 
the empirical results, both qualitatively and quantitatively. Second, regional productivity 
growth exhibits a strong positive relationship with tertiary education and a weaker 
negative relationship with secondary education. On the contrary, we do not verify an 
association between labor productivity growth and primary education, as well as public 
investment. The evidence on secondary education is probably explained by the low skills 
of Greek graduates compared to their OECD peers, as shown by student performance in 
international standardized tests. Third, we uncover that the positive spillover effects of 
density are equally important to its negative congestion effects, implying the absence of 
net agglomeration economies. This is in contrast with most existing literature, which 
concludes in favor of positive net agglomeration economies.      
 
The paper is organized as follows. Section 2 gives a review of the theoretical and 
empirical literature on human capital and growth. Section 3 provides the theoretical 
framework of our empirical model. Section 4 describes the data and the econometric 
methodology. In Section 5, we discuss the empirical results and Section 6 offers some 
concluding comments. The Appendix contains detailed information on variable definitions 
and data construction. 
 
2. Literature review  
The large theoretical literature on human capital and economic growth, can be summarized 
as follows: (i) human capital accumulation boosts growth (Lucas, 1988); (ii) growth 
depends on existing human capital stock, which generates new knowledge (Romer, 1990) 
and facilitates the imitation or adoption of foreign technologies (Nelson and Phelps, 1966); 
(iii) the impact of human capital depends on human capital stock accumulated within a 
given period (Azariadis and Drazen, 1990).  
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As discussed in the Introduction, the empirical literature provides mixed results as far as 
the effect of human capital on economic growth is concerned.  One of the earliest attempts 
to introduce human capital in the empirical growth literature, is made by Mankiw et al. 
(1992), who estimate a positive output elasticity with respect to the working-age 
population with secondary education in 121 countries during 1960–1985. Studies 
employing country-level data were followed by research using regional data, similarly to 
our study. For instance, Arbia et al (2010) conclude that tertiary education attainment 
boosts growth in 271 NUTS 2 EU regions in 1991-2004 accounting for spatial effects due 
to institutions and geography. Soukiazis and Antunes (2011) show that secondary 
education attainment contributes to growth directly and indirectly through interaction with 
exports, in Portuguese NUTS 3 regions during 1996–2005. Abel and Gabe (2011) uncover 
a strong positive relationship between working-age population with a college degree and 
GDP per capita in 290 US metropolitan areas during 2001-2005. In addition, Pablo-
Romero and Gómez-Calero (2013), using a translog production function, conclude that 
private physical and human capital are complementary and exhibit decreasing returns, for 
50 Spanish provinces during 1985–2006.  
 
Some recent research uses panel cointegration techniques to deal with non stationary 
series. For instance, Kosfeld and Lauridsen (2004) conclude that employed people with at 
least secondary education increase both GDP per employed and GDP per capita in 180 
German labor markets in the year 2000 accounting for spatial effects. Similarly, Bronzini 
and Piselli (2009) estimate a positive long-run relationship between average employee 
schooling years and both labor productivity and output in 1985-2001 for 19 Italian 
regions. Karnik and Lalvani (2012) conclude that the gross enrollment ratio exhibits a 
strong positive effect on GDP per capita in 19 Indian states during 1981–2005 and the 
contribution of education to growth is larger than that of physical capital.  
 
A few papers have examined the possibility of differential growth effects between 
schooling levels. For example, Asteriou and Agiomirgianakis (2001) and Sari and Soytas 
(2006) find a cointegrating relationship between enrollments in primary, secondary and 
tertiary education and GDP in Greece (1960-1994) and Turkey (1937-1996), respectively. 
Petrakis and Stamatakis (2002) show that primary and secondary education matter for 
growth in less developed countries, while tertiary education becomes important in 
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developed economies, using data for 24 countries. According to Papageorgiou (2003), 
primary education is important for final goods production, while post-primary education is 
necessary for technology adoption and innovation in 80 countries during 1960-1987. 
Pereira and Aubyn (2009) find that increasing education of the working-age population at 
all levels except tertiary education has a positive effect on GDP per worker growth in 
Portugal over 1960. Ramos et al. (2010) conclude that tertiary and secondary education 
increase labor productivity and growth, respectively, while primary education does not 
exert any influence in the Spanish NUTS 3 regions during 1980–2007. Interestingly, they 
find negative geographical spillovers from tertiary education. Ding and Knight (2011) find 
that higher education enrollments have a stronger positive growth impact than secondary 
enrollments, while primary school enrolment has no effect in 30 Chinese provinces for 
1978-2007. Finally, Cuaresma et al. (2012) use Bayesian model averaging with 48 growth 
determinants for 255 NUTS 2 EU regions during 1995-2005 allowing for spatial 
spillovers. They find that workers with higher education have a robust positive association 
with GDP per capita growth, while they also include in the estimations workers with 
secondary, primary education as well as a lifelong learning variable.  
 
3. The model 
We study the role of human capital in the growth process, adopting a production function 
approach. Thus, we specify our theoretical model by augmenting a standard aggregate 
Cobb–Douglas production function as follows:  
  aitTitSitPit
a
Gititit LHHHKAY
1                            (1) 
 
where, Y denotes real output of region i (i = 1, …, 51) during period t (t = 1981, …, 2003), 
GitK  the public physical capital stock, TitSitPit HHH ,,  stand for human capital stock 
produced through primary, secondary, tertiary education, respectively, itL  is employment, 
and iA  is a Hicks-neutral TFP indicator.
3
 Thus, we allow for differential impact of the 
three stages of education. The introduction of three types of human capital enables us to 
obtain more accurate estimates of the model‟s parameters. 
 
                                                 
3
 Specification (1) assumes constant returns to scale with respect to public capital, human capital and labor. 
We have actually tested this assumption and found that it is true for our dataset (results available upon 
request from the authors).   
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Equation (1) in “per employed worker” terms takes the form: 
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Taking logs of Equation (2), we obtain Equation (3) 
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We extend (3) in line with the literature on spatial agglomeration and productivity 
(Ciccone and Hall, 1996; Ciccone, 2002; Abel and Gabe, 2011, Abel et al., 2012). 
Specifically, empirical research has shown that thick labor markets imply significant 
productivity benefits by improving the quality of matches between workers and jobs 
(Andersson, Burgess, and Lane, 2007). Also, firms locating in each others' proximity may 
incur higher productivity. At the same time, there is the possibility for congestion 
diseconomies. In light of these, we assume that density (D) operates through the 
technology parameter (A) as follows: 

ititit DBA                                                                            (4) 
 
where ζ  represents the elasticity of output with respect to density and itB  denotes other 
determinants of technology which are independent of density. The parameter ζ measures 
the net agglomeration impact of density, which includes both the (positive) agglomeration 
and (negative) congestion effects due to density.  Thus, the sign of ζ will depend on the 
relative strength of these opposing forces. Equation (3) becomes 
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Equation (5) constitutes the base of our empirical analysis.  
 
4. Data and econometric methodology  
4.1 Data  
In order to investigate the relationship between education and labor productivity in a 
regional production function framework we employ a dataset, which includes a balanced 
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panel of 51 regions (NUTS 3 level) over the 1981-2003 period.
4
 This is the longest 
possible data set with consistent series currently available at this level of regional 
disaggregation. Our data include the number of graduates of the three levels of education, 
namely primary, secondary and tertiary as a percentage of the employed population per 
region. These data treat human capital as a stock variable. We constructed them for the 
first time for Greek NUTS 3 regions for such a long period. To do so, we used census 
information on education attainment, employment and retirement rates for the three 
education levels, combining it with enrollment, employment and retirement rates for all 
years in order to estimate education attainment for primary, secondary and tertiary 
education in the inter-census years, following the Barro and Lee (2010) methodology (see 
Appendix for details on the construction of the variables).  
 
Furthermore, regional public capital stock is included in our regressions in order to 
disentangle the effect of physical capital from the effect of human capital on growth 
(Krueger and Lindahl, 2001), because regional private capital data at NUTS 3 level are not 
available for Greece. We believe this is a good proxy for capital stock at regional level, 
because public and private capital behave similarly in Greek regions (Louri, 1989). Note 
that the private-public investment correlation is 0.97 at national level.
5
 We construct 
public capital stock using the investment perpetual method, with a depreciation rate of 5% 
according to the standard practice in the literature (Rovolis and Spence, 2002).
6
 
Specifically, our proxy is based on the actual investment included in state budget 
expenditures at regional level.  
 
Regarding density, we employ three alternative measures, namely employment density, 
labor force density and population concentration. These correspond to different but not 
necessarily contrasting possibilities for density effects. Employment density equals the 
number of employed over the area of the respective region, labor force density uses the 
same formula, the only difference being that density effects take place within the whole 
labor force, not just employed persons. Population concentration measures density effects 
within the whole population; however, it measures them in relative terms, since it 
                                                 
4
 Table 1, available in the Appendix, provides detailed definitions of the variables used in our estimations. 
5
 This estimate uses time series data (1981-2003) obtained from the Annual Macro-Economic (AMECO) 
database of the European Commission's Directorate General for Economic and Financial Affairs.  
6
 See Table 1 in the Appendix, for the definition and a description of the construction of the variable. Please 
note that this is the second attempt for the computation of public capital in the relevant literature; the initial 
one was by Labrinidis et al. (2005). 
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calculates density of each region relative to the average population density of all regions 
(Roos, 2005). We proceed this way, because there are alternative variables suggested in 
the literature for testing the effects of density on labor productivity and we do not know a 
priori which one is relevant for Greece (Brülhart and Mathys, 2008; Ciccone, 2002; Piras 
et al., 2012; Abel et al, 2012; Cuaresma et al, 2012).        
 
According to our descriptive statistics (see Table 2 in the Appendix), Greek regions are 
characterized by numerous disparities. Differences in regional real GDP per worker reveal 
large spatial labor productivity differentials; it ranges from €15,294 to €51,904€ in 1981 
and €22,305 to €84,798 in 2003. Also, the shares of employees, who are graduates of the 
three education levels, differ substantially across regions as well as through time. 
Specifically, the share of workers with primary education declined substantially from 
50.8% in 1981 to 31% in 2003, while the fraction of workers with secondary and tertiary 
education increased significantly. The former reached 43% from 16.6% and the latter 16% 
up from 6.7% of the employed population during the period examined. All measures of 
density differ notably between regions. Employment density ranges from 3 to 432.3 and 
labor force density from 3.7 to 472.7. Population concentration varies from 39.4 to 41.8, 
indicating that the most important population movements between regions had already 
taken place at the start of the period studied in our work. Finally, the regional allocation of 
real public capital per worker in Greece presents large disparities both across space and 
time, ranging from €8,781 to €1,112,453 in 1981 and €6,593 to €1,646,179 in 2003.  
 
4.2 Cross-section dependence and parameter heterogeneity  
To overcome the issue of spurious regression, which characterized earlier studies on the 
relation between education and regional productivity – due to the neglect of the time series 
properties– we follow a four-step approach: first, we assess the cross-section dependence 
of the series; second, we test them for stationarity; third, depending on the order of 
integration of the series, we decide whether to test for cointegration; if we do so and 
cointegration exists, an error correction model (ECM) is estimated, which permits to 
analyze the long-run relationship between the variables jointly with the short-term 
adjustment towards the long-run equilibrium; if we do not apply cointegration testing, we 
investigate the short-run dynamics of the education– labor productivity relationship.   
 
Specifically, time-varying heterogeneity due to unobserved common shocks, which affect 
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all units (in our case regions), introduces cross-section correlation or dependence in the 
error terms, which can lead to inconsistency and incorrect inference in standard panel 
econometric approaches (Phillips and Sul, 2003; Pesaran, 2006). At the same time, the 
assumption of cross-section independence is strong for regional data; cross-region co-
movements of economic variables are most likely due to common shocks and spillover 
effects (Economides, 1996). So, we test for cross-section dependence and model it using 
unobserved common factors, but not spatial effects.
7
 We do this, because if we use the 
latter method, we may not account for endogenous time-varying variables (i.e. trade, FDI 
and policy), which can not be simply approximated by distance measures (Pesaran, 2004). 
We model cross-section dependence by postulating:  
ittii ef
it eB
                    (6)  
mitnmtnmimtmimtmimimit vfqfqgpx  ...11               (7)  
ttt eff  1  and ttt gg   1                (8) 
 
where i  idiosyncratic regional technology term, ite  idiosyncratic random shock, itx  
right-hand side observed variables in (5),  m=1,…k,  tf , tg  unobserved common factors 
and tmt ff  . If we substitute (6) in (5), denoting natural logs by lower-case letters, we 
get: 
ittiiitiititiit fxuxy                             (9) 
 
The variables itit xy ,  are possibly nonstationary, i  are region-specific elasticities of labor 
productivity with respect to the various inputs, tii qp ,,  are region-specific factor 
loadings, mii  ,  are region-specific fixed effects and itititit ve  ,,,  stand for i.i.d errors.
8
 
The factors tf , tg  can be nonlinear and nonstationary. The presence of tf   in (6) - (8) 
induces endogeneity, because the regressors are correlated with the unobservables of the 
production function  itu . If we do not account for tf , tg  during estimation, we will 
produce biased estimates of i  and incorrect inferences (Pesaran, 2006). Additionally, if 
these factors are nonstationary, estimation approaches neglecting heterogeneous common 
                                                 
7
 Baltagi (2008) in a detailed review of the panel unit root and cointegration literature, points towards the 
vital importance of controlling for cross-sectional dependence. 
8
 Here, we note that the above common factor specification can not discriminate among possible channels of 
cross-section dependence.   
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factors do not identify i  (Kapetanios et al., 2011; Eberhardt and Bond, 2009).   
 
The above empirical production function framework allows for parameter heterogeneity 
across regions in the impact of observables (inputs) and unobservables (TFP) on output. 
“New growth theory”, which emphasizes production functions differences across cross-
sections, justifies heterogeneous technology parameters (Durlauf et al., 2001). It argues 
that production technology heterogeneity may mean that countries can choose an 
„appropriate‟ production technology from many possible options.  
 
Also, our empirical framework deals appropriately with any business cycle effects, i.e. 
idiosyncrasies of regional economies or global shocks with heterogeneous impacts 
(Chudik et al., 2011). Our model is intended for use with annual data, enabling us to deal 
properly with their time-series and cross-section properties (Eberhardt and Teal, 2011).   
To test for cross-section dependence, we apply the CD test by Pesaran (2004), which uses 
the correlation coefficients between the time series for each panel member. In our case, for 
N=51 regions, this would be the 51 x 50 correlations between region i and all other 
regions, for i=1 to N-1. Denoting the estimated correlation between the time-series for 
region i and j as ijˆ , the Pesaran CD statistic is given by: 
  
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where T is the time-series dimension of the panel. Under the null of cross-section 
independence, the above statistic follows the standard normal distribution. The statistic is 
robust to nonstationarity, parameter heterogeneity and structural breaks and performs well 
even in small samples. Results are reported in Table 1 below. The test statistics imply 
decisive rejection of the cross-section independence hypothesis for all variables. 
Therefore, it provides strong evidence that cross-section dependence exists for them. 
Given that the observed variables are correlated across regions, it is natural to expect that 
the unobservables, which are contained in the error term, will also be correlated across 
regions. 
[INSERT TABLE 1 HERE] 
4.3 Unit root tests  
In the long run, series such as output or capital stock often display strong persistence, so it 
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is reasonable to test if our series are „non-stationary‟ processes (Nelson and Plosser, 1982; 
Lee et al., 1997; Pedroni, 2007). This is important, because in the case of a non-stationary 
variable the addition of observations does not help to learn about its distribution, e.g. its 
mean, variance etc., since they do not converge to constant values. As time-averaging does 
not alter the order of integration, any macro production function is likely to include at least 
some cross-sections with non-stationary input and output variables, and their time series 
properties must be taken into account to avoid bias and/or inefficiency (Granger, 1988; 
Granger and Siklos, 1995). 
 
So, we examine if our data are stationary. If the variables are not stationary in levels, we 
check for stationarity in differences. The recent literature has concluded that inference on 
the time series properties of the data can be improved when applying integration and 
cointegration tests to the whole panel rather than to each unit separately. This way we 
address the problem of low power of conventional time series tests, since we increase the 
sample size considerably. 
 
We apply the Pesaran (2007) panel unit root test for multiple variables and lags in models 
with and without a region-specific trend term.
9
 It allows for heterogeneity in the 
autoregressive coefficient of the Dickey-Fuller regression and a single unobserved 
common factor with heterogeneous factor loadings in the data. Therefore, it takes into 
account cross-section dependence.
10
 The statistic is constructed from panel-member-
specific (A)DF regressions where cross-section averages of the dependent and 
independent variables (including lagged differences to account for serial correlation) are 
included in the model (CADF regressions). Testing for the null of a unit root is based on 
the t-ratio of the first-order autoregressive parameter. To construct a panel statistic, the t-
values are pooled across cross sections. A standardized version of the test is 
asymptotically distributed as standard normal under the joint null hypothesis of 
nonstationarity for all cross sections. If the null is rejected, the series is stationary at least 
for one panel member. Under the null of nonstationarity the test statistic has a non-
standard distribution. The test is found to have good size and power properties, even when 
N and T are relatively small.  
                                                 
9
 There should be a careful use of a deterministic trend or “…otherwise results can be misleading…”  (see, 
Ahking, 2002; p.51). 
10
 Tests which do not account for dependence, when is exists, suffer from huge size distortions, which 
increase with the number of cross sections (Banerjee et al., 2004; 2005). 
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For implementation of the panel unit root tests, we use the Bartlett kernel. All bandwidths 
and lag lengths equal   89.2
100
4 9
2
T , where T = 23 in our case (Basher and Westerlund, 
2007). So, the maximum lag length lies between 2 and 3. Too few lags reduce the size of a 
unit root test, while too many lags reduce its power (Campbell and Perron, 1991). We 
conduct the panel unit root tests with the lag length equal to 2, following Martins (2011) 
and Jaunky (2012). For comparison, we also present the findings from the Maddala and 
Wu (1999) test, which allows for heterogeneity in the autoregressive coefficient of the 
Dickey-Fuller regression, but ignores cross-section dependence.  
 
Table 2 presents the results. Employed tertiary education graduates and public capital 
stock per worker are I(2). Employment density is stationary in levels and GDP per worker, 
primary and secondary education graduates, labor force density and population 
concentration are stationary in differences. Given these findings, we can not study the 
long-run relationship among levels of the variables. So, we do not conduct panel 
cointegration tests and proceed directly to the estimation of the short-run relationship 
among growth rates of the variables with a methodology described below, which is robust 
to non-cointegration (Bronzini and Piselli, 2009).  
     [INSERT TABLE 2 HERE] 
 
4.4 Estimation methodology 
Having established the order of integration of our variables, we proceed with the 
estimation of Equation (9) in first differences, using panel econometric techniques. This 
way we mitigate endogeneity, since education is highly income-elastic and the Greek 
economy, like other high-income economies, is dominated by the service sector which 
requires a well-educated workforce (Catao and Solomou, 2005; Catao and Terrones, 
2005). Moreover, we are able to estimate the short-run effects of education, public capital 
and density on labor productivity. We allow for heterogeneity in the relationship between 
education and productivity across regions by including region-specific fixed effects, input 
parameters and factor loadings.  
 
There are alternative procedures for estimating Equation (9). We apply various estimators, 
which incorporate different assumptions about the underlying data generating process. 
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Generally, the simple pooled estimators assume a fully homogeneous coefficient model in 
which all slope and intercept parameters are identical across regions, meaning that regions 
follow the same underlying model relating productivity to the right-hand side variables. 
However, from the work of Durlauf and Johnson (1995), Lee et al. (1998) and Temple 
(1999a,b) among others, we know that this is not a trivial assumption, so allowing 
parameter heterogeneity can change results of growth regressions in very important ways. 
For instance, errors are non-stationary if „true‟ technology parameters are heterogeneous 
and input variables are non-stationary.  
 
In light of these, we initially use the Fixed-effect (FE hereafter) estimator, which allows 
only the intercepts to differ across regions as a benchmark. In other words, we assume 
common parameters on factor inputs and convergence rates and heterogeneity with respect 
to TFP growth across regions. We ignore cross-section dependence in the form of 
unobserved common factors. However, our estimator is robust to cross-sectional 
heteroscedasticity and within panel serial correlation. Additionally, we employ the 
Arellano and Bover (1995) - Blundell and Bond (1998) (AB-BB hereafter) estimator. 
Blundell and Bond (1998), show that the lagged level instruments in the Arellano and 
Bond (1991) estimator
11
 become weak as the autoregressive process becomes too 
persistent or the ratio of the variance of the cross-section effects to the variance of the 
idiosyncratic error becomes too large and proposed a system GMM estimator, which we 
use, building on Arellano and Bover (1995). The latter estimator employs moment 
conditions in which lagged differences are instruments for the level equation, in addition 
to the moment conditions of lagged levels as instruments for the differenced equation. We 
treat the explanatory variables as endogenous and account for heteroscedasticity in the 
data-generating process. This estimator still assumes common factor input parameters and 
common impact of unobservables, although it solves the identification problem due to the 
correlation between inputs and unobservables (TFP in our case) (see discussion in section 
4.2).    
 
For these reasons, we finally implement the Augmented Mean Group (AMG) estimator 
(Eberhardt and Teal, 2009, 2012a, 2012b), which allows for cross-section dependence. 
                                                 
11
 This estimator requires first differencing and lags of the dependent and explanatory variables as 
instruments (Caselli et al., 1996). First differencing removes region-specific effects, which are a potential 
source of omitted variable bias and deals with series non-stationarity. 
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Also, it does not require pre-testing for cointegration. It was developed with production 
function estimation in mind, where unobservables represent TFP. We choose AMG to 
Common Correlated Effects Mean Group (CCEMG hereafter) estimator (Pesaran, 2006), 
because the latter treats tf  as a nuisance, which must be accounted for, but is not of 
particular interest for the empirical analysis. But in our empirical model, we view TFP as a 
„measure of our ignorance‟ (Abramowitz, 1956), reflecting a wide set of factors which can 
shift the production possibility frontier (for instance “…resource endowments, climate, 
institutions, and so on…”, Mankiw et al., 1992; pp.410-411).12  
 
The AMG estimator first involves estimation of a pooled regression model with period 
dummies by first difference OLS and collection of the coefficients on the (differenced) 
dummies, which correspond to the estimated cross-region average of TFP evolution. This 
is called the "common dynamic process". Second, the group-specific regression model is 
augmented with this TFP process either: (a) as an explicit variable or (b) imposes on each 
group member a unit coefficient by subtracting the estimated process from the dependent 
variable. The regression model includes an intercept, which corresponds to time-invariant 
fixed effects (TFP levels). Third, the region-specific parameters are averaged across the 
panel. Therefore, AMG allows for heterogeneous technology parameters and 
heterogeneous factor loadings. The standard errors reported in the averaged regression 
results are constructed following Pesaran and Smith (1995) and test the significance of the 
average coefficients.    
 
5. Estimation results 
We estimate Equation (9) in first differences using up to 2 lags of the variables.
13
 We do 
this, because: i) we are interested in the dynamic effects of education on productivity 
growth, and ii) variables are not cointegrated (Bronzini and Piselli, 2009). Here we should 
note that we employ lags also for the density variables, because technological 
agglomeration externalities take time to materialize, since they depend on the formation of 
communication networks which can not take place quickly (Brülhart and Mathys, 2008; 
Henderson, 1997). We also test the common factor restrictions and fail to accept them, so 
                                                 
12
 In Monte Carlo simulations, the AMG performed similarly well as the CCEMG in panels with 
nonstationary variables (cointegrated or not) with common factor errors (Eberhardt and Bond, 2009).  
13
 According to Loayza and Ranciere (2006) when the emphasis is on the short-run parameters, it is 
recommended to impose a common lag structure across regions. In order to preserve the degrees of freedom 
while allowing for reasonably rich dynamics, we set the lag length equal to 2. 
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we estimate an unrestricted dynamic panel model. We report the results of FE, AB-BB and 
AMG estimation for completeness, but we emphasize evidence from the AMG estimator 
for reasons outlined in the previous section.
14
  
 
Overall, three models are estimated. First, following our theoretical model (see Equation 
5), the relationship between labor productivity growth and education at all levels, 
including public capital and employment density as control variables, is estimated. In the 
AMG estimations we impose a common dynamic process with a unit coefficient for TFP, 
subtracting the estimated process from the dependent variable, after having tested this 
assumption and verified it. Results in Table 3 indicate that primary education does not 
play a role in productivity growth. On the contrary, a 1 standard deviation increase in 
growth of the share of employees with secondary education reduces productivity growth 
around 2% contemporaneously, 2.6% after one year and 3% after two years. In the same 
manner, if growth of employees with tertiary education rises by 1 standard deviation, 
productivity growth is enhanced by 2.5% and 2.9% contemporaneously and with a one-
year lag, respectively.  
[INSERT TABLE 3 HERE] 
 
This evidence on primary and secondary education could be explained by the low skills of 
Greek graduates compared to corresponding OECD graduates, as indicated by student 
performance in international standardized tests, such as PISA (OECD, 2010).
15
 Several 
problems have been identified in primary and secondary education in Greece affecting 
human capital. These include, among others, excessively small student-teacher ratios and 
class sizes, low teacher salaries, lack of external assessment and evaluation of schools, 
teachers, students and the education system as a whole (OECD, 2011). Additional 
weaknesses constitute extremely centralized governance of the education system, limited 
opportunities for professional development of education personnel, fragmented budgeting 
procedures, limited accountability over outcomes and limited school competition. Our 
                                                 
14
 We have examined our dataset for possible multicollinearity and found no evidence of such a problem 
with the exception of the high correlation between employment density and public capital. However, the fact 
that results do not change when we replace employment density with labor force density and population 
concentration implies that the above high correlation does not distort our findings in any important way. 
15
 The Programme for International Student Assessment (PISA) is an international study conducted by the 
OECD in its member and non-member nations and examines 15-year-old school pupils' scholastic 
performance on mathematics, science, and reading. It was first performed in 2000 and is repeated every three 
years. 
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findings are only partially in line with Asteriou and Agiomirgianakis (2001), who find a 
positive relationship between enrollments in primary, secondary, tertiary education and 
GDP in Greece. However, we believe that our human capital measures reflect more 
accurately the skills of the working population, since for example some students enrolled 
in secondary school may not finish it or even if they complete it, they may not be working 
for some time. Concerning primary and tertiary education, we obtain the same findings 
with Ramos et al. (2010) who examine Spanish regions at the same level of 
disaggregation. As for tertiary education, we reach the same conclusions with Arbia et al. 
(2010), Cuaresma et al., (2012), and Cuaresma and Feldkircher (2012) for EU regions and 
Abel and Gabe (2011) for US cities. Our evidence is also in line with that of Petrakis and 
Stamatakis (2002) and Vandenbussche et al. (2006), who argue that in developed 
economies tertiary education is more important relative to lower education levels.
16
  
 
We also find that public investment has an insignificant growth effect. Although this is in 
contrast to some related literature (Munnell, 1992; Bronzini and Piselli, 2009), research on 
Greek regions shows mixed results (Rodríguez-Pose et al., 2012; Lambrinidis et al., 2005). 
A possible explanation would be the inefficient spatial and functional allocation of public 
investment, due to e.g. political considerations. These considerations have to do with the 
party in power at the central government level, the regional vote share in favor of the 
governing party or the difference in the regional vote shares between the ruling party and 
the main opposition party (Yamano and Ohkawara, 2000; Johansson, 2003; Castells and 
Solé-Ollé, 2005; Rodríguez-Pose et al., 2012).  
 
Employment density is not statistically significant, implying that the negative effects of 
density just outweigh the positive ones in Greek regions. This is different with respect to 
Ciccone and Hall (1996), Ciccone (2002), Brülhart and Mathys (2008), who find that 
employment density boosts labor productivity in the US states and European regions. Our 
findings may be due to the fact that labor and product markets were more rigid in Greece 
compared to the most European countries and the US during the period under 
consideration (OECD, 2004 & 2012). Finally, we find conditional convergence, as lagged 
growth reduces current growth by 0.29% and 0.25% after one and two years respectively. 
                                                 
16
 Studies using micro data show that private returns to education in Greece are positively associated with 
years of education (Magoula and Psaharopoulos, 1999; Mitrakos et al., 2010). 
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This is in line with Christopoulos and Tsionas (2004) and Michelis et al. (2004). For 
comparison, in the FE case, we find conditional convergence and a negative effect of 
public capital contemporaneously and of primary education regarding lagged variables. 
We also reveal a mixed impact of secondary education and a positive effect of tertiary 
education after 2 years. Finally, employment density does not influence growth overall 
meaning that its positive and negative effects exactly offset each other. In the AB-BB 
estimation, none of the parameters is statistically significant. Overall, the evidence is only 
partially in line with that obtained by AMG estimation. However, we do not put much 
weight on FE and AB-BB results for reasons mentioned in Section 4.4.   
 
Next, we repeat our estimations using the same methodology as before, but including labor 
force density instead of employment density, as an indicator of density-related effects (see 
Table 4 below). Our findings imply that secondary education graduates have a negative 
impact on labor productivity growth of 2.6% with a 2-year lag, similar to the impact 
estimated before in the same time horizon. Tertiary education graduates exert a positive 
contemporaneous growth impact of 2.6%, very similar to the one estimated before in the 
same time frame. Once again, primary education and public capital do not seem to matter 
for growth. As regards the density variable, growth in labor force density has no 
statistically significant growth influence, indicating the equally strong opposing forces of 
agglomeration and congestion on productivity. Finally, we confirm the tendency for 
convergence in terms of labor productivity growth of Greek regions with coefficients 
equal to -0.25 and -0.22 for the 1-year and 2-year lags, respectively, which are very similar 
to the ones estimated in the first specification of the model. Overall, results are analogous 
to the ones estimated in the previous model, both quantitatively and qualitatively, which is 
a sign of robustness. Regarding FE and AB-BB estimates, they are almost identical with 
the previous model.  
[INSERT TABLE 4 HERE] 
 
In the same spirit, we employ population concentration, i.e. relative population density, 
and obtain similar findings (see Table 5 below). In the AMG estimation, secondary and 
tertiary education growth affect productivity growth negatively and positively respectively 
with a 2-year lag. Primary education, public capital and population concentration do not 
influence productivity. Finally, there is conditional convergence of Greek regions in terms 
of labor productivity dynamics. Concerning FE and AB-BB estimates, findings are similar 
 19 
with the other two models. Turning to the diagnostics, tests show that in all cases residuals 
from AMG estimations do not suffer from cross-section dependence and are stationary. On 
the other hand, both FE and AB-BB estimators yield cross-sectionally dependent, but 
mostly stationary residuals.
17
  
[INSERT TABLE 5 HERE] 
 
As a synopsis, our empirics have emphasized cross-section dependence and parameter 
heterogeneity. In other words, we have examined the importance of spillovers, unobserved 
shocks and production technology heterogeneity across Greek regions. We present a 
number of dynamic specifications and different estimators. Our initial results – which 
exhibit cross-sectionally dependent residuals and are based on the common production 
technology assumption – show that tertiary education plays no role for labor productivity 
growth, while primary education has a growth retarding impact. However, once we tackle 
these issues, our evidence is modified pointing to the relevance of human capital in the 
form of tertiary education for productivity dynamics. This is an apparent signal that 
spillovers and technology differences are of utmost importance in growth empirics.  
 
6. Conclusions 
Most research on production function estimation assumes cross-section independence and 
parameter homogeneity in production technology. However, both assumptions are strong 
for regional data. In this paper, we construct a rich dataset and estimate production 
functions for Greek regions employing both standard and non-stationary panel techniques 
allowing for cross-section dependence as well as parameter heterogeneity. We put special 
emphasis on the impact of the three education levels on labor productivity. This allows us 
to estimate their differentiated effects on growth. 
 
After verifying the existence of cross-section dependence, we conduct the appropriate 
pane unit root tests and proceed to empirical estimation of three models in growth form, 
focusing on short-run dynamics, which are very relevant from a policy point of view. 
Employing the AMG estimator, we find robust evidence of a strong positive impact of 
tertiary education and a weaker negative effect of secondary education on labor 
                                                 
17
 Arellano and Bond tests can not reject the hypothesis of no serial correlation at order two in the first-
differenced errors in all three models for AB-BB estimations. Thus, there is no evidence of models‟ 
misspecification.    
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productivity growth. On the contrary, we do not infer such an influence of primary 
education, public capital and density, irrespectively of density measure used. Comparing 
these results with the findings from fixed effects and dynamic panel estimators, for almost 
all variables, evidence is qualitatively and quantitatively different. Thus, neglecting cross-
section dependence and parameter heterogeneity creates bias in the estimated input 
elasticities. Our findings support related studies arguing that lower levels of education are 
important in developing countries, while tertiary education is significant for developed 
ones (Petrakis and Stamatakis, 2002; Papageorgiou, 2003). This is because a knowledge-
based economy requires highly skilled labor force in order to exploit its full growth 
potential (Pereira and Aubyn, 2009).  
 
A number of implications can be derived from our results. First, if policy makers do not 
account for spillovers and technology heterogeneity, regional growth policies will be 
misguided. Specifically, growth-enhancing policies should be directed at relatively 
spacious areas in Greece. Second, our evidence confirms that the expansion of tertiary 
education is the most effective instrument for reducing regional disparities in terms of 
labor productivity. The higher education – productivity link may be materialized through 
various channels, e.g. higher innovative capacity and increased capability for adoption of 
advanced foreign technology. This line of research can further be enhanced by the 
improvement of human capital measurement, taking more comprehensive account of its 
quality and other forms of education (job training) when data become available. Moreover, 
a thorough quantification of the spillovers, e.g. using spatial econometrics, might be 
useful. These are left for future work. 
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TABLE 1: CROSS-SECTION CORRELATION 
 
 
PANEL A: LEVELS 
       
 Ln GDP 
Ln Public 
Capital 
Ln Primary 
Graduates  
Ln Secondary 
Graduates  
Ln Tertiary 
Graduates  
Ln Employment 
Density 
Ln Labor Force 
Density 
Ln Population 
Concentration 
avg ρ 0.606 0.334 0.947 0.995 0.985 0.334 0.388 1.000 
avg lρl 0.493 0.683 0.947 0.995 0.985 0.681 0.855 1.000 
CD 84.40 57.26 162.11 170.39 168.63 57.13 66.43 171.25 
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
PANEL B: FIRST DIFFERENCES 
      
 
ΔLn GDP 
ΔLn Public 
Capital 
ΔLn Primary 
Graduates  
ΔLn Secondary 
Graduates  
ΔLn Tertiary 
Graduates  
ΔLn Employment 
Density 
ΔLn Labor Force 
Density 
ΔLn Population 
Concentration 
avg ρ 0.156 0.574 0.649 0.796 0.657 0.483 0.180 1.000 
avg lρl 0.273 0.992 0.649 0.796 0.678 0.754 0.569 1.000 
CD 26.20 96.21 108.69 133.29 109.97 80.96 30.16 167.48 
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
Notes: We present the average and average absolute correlation coefficients across the N(N – 1) sets of 
correlations. CD reports the Pesaran (2004) cross-section dependence statistic, which is distributed N(0, 1) 
under the null of cross-section independence. Panels A and B test the variable series in levels and first 
differences, respectively.  
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TABLE 2: PANEL UNIT ROOT TESTS 
 
    
  
GDP 
 
Primary Graduates 
 
Secondary Graduates 
without trend with trend without trend with trend without trend with trend 
 
 Maddala & Wu 
      (1999) 
Level 55.01 (0.98) 73.59 (0.98) 1.70 (1.00) 28.81 (1.00) 155.21 (0.01) 39.73 (1.00) 
First Difference 299.29 (0.00) 207.50 (0.00) 129.51 (0.03) 359.71 (1053) 220.12 (0.03) 220.45 (0.00) 
    Pesaran 
      (2007) 
Level -1.30 (0.09) 2.40 (0.99) 8.18 (1.00) 4.78 (976) 1.06 (0.85) 7.08 (1.00) 
First Difference -5.40 (0.00) -2.92 (0.00) -3.40 (0.00) -2.73 (0.00) -2.24 (0.01) -3.65 (0.00) 
 
 Tertiary Graduates 
 
Public Capital 
 
Employment Density 
without trend with trend without trend with trend without trend with trend 
 
 Maddala & Wu 
      (1999) 
Level 229.03 (0.00) 37.13 (1.00) 202.56 (0.00) 59.36 (1.00) 242.86 (0.00) 202.42 (0.00) 
First Difference 93.41 (0.71) 151.83 (0.01) 201.25 (0.00) 256.32 (0.00) 74.44 (0.98) 114.43 (0.18) 
    Pesaran 
      (2007) 
Level -1.30 (0.09) 10.28 (1.00) 11.93 (1.00) 12.26 (1.00) 8.94 (1.00) -6.81 (0.00) 
First Difference 5.24 (1.00) 7.48 (1.00) 11.79 (1.00) -9.07 (1.00) -12.42 (0.00) -9.07 (0.00) 
 
 
Labor Force Density 
Population 
Concentration 
without trend with trend without trend with trend 
 
 Maddala & Wu 
      (1999) 
Level 244.39 (0.00) 216.97 (0.00) 8.62 (1.00) 50.73 (1.00) 
First Difference 148.61 (0.01) 171.30 (0.00) 155.40 (0.01) 60.89 (1.00) 
    Pesaran 
      (2007) 
Level 8.44 (1.00) -2.28 (0.01) 32.10 (1.00) 30.79 (1.00) 
First Difference 0.45 (0.67) -5.02 (0.00) 32.10 (1.00) 30.79 (1.00) 
          
 
 
 
 
Notes: we report the Fisher statistic and associated p-value the Maddala and Wu (1999) test and the 
standardised Z-tbar statistic and the corresponding p-value for the Pesaran (2007) test. For both tests 
the null hypothesis is that all series are nonstationary. 
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TABLE 3: ESTIMATION RESULTS (WITH EMPLOYMENT DENSITY) 
      
 
   
                                                                          FE estimates                   AB-BB estimates          AMG estimates 
       Coeff.        S.E.         Coeff.      S.E.  Coeff.       S.E. 
ΔLn Primary Graduates -0.19 ** 0.08  -0.24  0.23  -0.29  0.57 
ΔLn Primary Graduates (-1) -0.18 ** 0.72  -0.22  0.20  0.30  0.54 
ΔLn Primary Graduates (-2) -0.28 *** 0.71  -0.20  0.21  0.06  0.41 
ΔLn Secondary Graduates 0.17 ** 0.78  0.16  0.21  -0.47 ** 0.24 
ΔLn Secondary Graduates (-1) 0.21 *** 0.08  0.21  0.24  -0.63 ** 0.31 
ΔLn Secondary Graduates (-2) -0.25 *** 0.07  -0.20  0.14  -0.73 *** 3.59 
ΔLn Tertiary Graduates  -0.03  0.13  -0.04  0.70  1.38 * 0.76 
ΔLn Tertiary Graduates (-1) -0.14  0.14  -0.25  0.76  1.59 ** 0.91 
ΔLn Tertiary Graduates (-2) 0.31  0.18  0.30  0.87  0.73  0.89 
ΔLn Public Capital -16.79 * 9.63  -11.65  73.40  85.26  118.39 
ΔLn Public Capital (-1) 24.50  19.28  25.57  13.49  20.49  156.04 
ΔLn Public Capital (-2) -9.63  9.99  -10.55  70.47  -26.71  111.75 
ΔLn Employment Density   -0.23  0.95  -2.50  5.20  1.48  1.93 
ΔLn Employment Density (-1) 1.15  0.73  -1.31  5.37  -0.36  2.41 
ΔLn Employment Density (-2) 0.24  0.72  -0.47  2.96  1.67  2.23 
ΔLn GDP (-1) -0.16 *** 0.03  -0.15  0.93  -0.29 *** 0.08 
ΔLn GDP (-2)    -0.09 ** 0.03  -0.56 *** 0.86  -0.25 *** 0.08 
Constant        0.01          0.01        0.01  0.72 
 
      0.32      0.09 
Order of Integration I(0)  I(0) 
 
I(0) 
AB Test AR (1)  -  -4.23 (0.00) 
 
- 
AB Test AR (2) -  -0.13 (0.89) 
 
- 
CD Test  73.89 (0.00)  67.35 (0.00) 
 
0.84 (0.40) 
Observations 1020    1020                                    
 
1020 
           
 
 
Notes: Dependent variable: ΔlnGDPpw. All the variables in natural log differences. Time Period: 
1981-2003. 51 regions. ***Coefficient Significant at 1%; **Coefficient Significant at 5%; 
*Coefficient Significant at 10%. FE: Fixed Effects estimator with region-specific effects and cluster-
robust standard errors; AB-BB: two-step system GMM estimator with robust standard errors and all 
variables considered endogenous; AMG: Augmented Mean Group estimator. Diagnostics: The order of 
integration of the residuals is determined using the Pesaran (2007) CIPS test for Ho of nonstationarity 
(full results available upon request); AB tests: Arellano and Bond tests for 1
st
 and 2
nd
 order serial 
correlation in the first-differenced errors with Ho of no serial correlation, z-statistics are provided with 
p-values in parentheses; CD test: Pesaran (2004) test for Ho of cross-sectionally independent errors, 
test statistics are provided with p-values in parentheses. 
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TABLE 4: ESTIMATION RESULTS (WITH LABOR FORCE DENSITY) 
      
 
   
                                                                          FE estimates                    AB-BB estimates         AMG estimates 
       Coeff.        S.E.         Coeff.      S.E.  Coeff.       S.E. 
ΔLn Primary Graduates -0.19 * 0.08  -0.25  0.61  -0.78  0.72 
ΔLn Primary Graduates (-1) -0.18 ** 0.07  -0.26  0.47  0.58  0.44 
ΔLn Primary Graduates (-2) -0.29 *** 0.07  -0.26  0.38  -0.24  0.41 
ΔLn Secondary Graduates 0.17 ** 0.79  0.21  0.26  -0.25  0.23 
ΔLn Secondary Graduates (-1) 0.21 *** 0.08  0.27  0.21  -0.27  0.27 
ΔLn Secondary Graduates (-2) -0.25 *** 0.07  -0.17  0.18  -0.61 *** 0.22 
ΔLn Tertiary Graduates -0.02  0.14  -0.21  1.21  1.47 ** 0.79 
ΔLn Tertiary Graduates (-1) -0.13  0.14  -0.36  1.77  0.72 * 0.74 
ΔLn Tertiary Graduates (-2) 0.29  0.20  0.38  1.88  0.63  0.73 
ΔLn Public Capital -17.91 * 9.89  -14.57  71.86  116.02  71.67 
ΔLn Public Capital (-1) 27.39  19.62  25.15  13.01  -182.64  127.93 
ΔLn Public Capital (-2) -10.27  10.30  -12.02  73.13  -117.41  83.18 
ΔLn Labor Force Density    0.01  0.01  0.01  0.01  0.06  0.14 
ΔLn Labor Force Density (-1) 0.01  0.01  -0.01  0.01  -0.01  0.15 
ΔLn Labor Force Density (-2) 0.01  0.01  -0.01  0.01  0.22  0.15 
ΔLn GDP (-1) -0.17 *** 0.03  -0.13  0.49  -0.29 *** 0.08 
ΔLn GDP (-2)    -0.09 ** 0.03  -0.06 *** 0.38  -0.22 *** 0.07 
Constant        0.01          0.01        0.01 0.19 
 
      -0.13       0.12 
Order of Integration          I(0)           I(0) 
 
I(0) 
AB Test AR (1)  -  -1.38 (0.16) 
 
- 
AB Test AR (2) -  -0.19 (0.84) 
 
- 
CD Test  76.22 (0.00)  66.29 (0.00) 
 
1.08 (0.28) 
Observations 1020    1020                                    
 
1020 
           
 
Notes: Dependent variable: ΔlnGDPpw. All the variables in natural log differences. Time Period: 
1981-2003. 51 regions. ***Coefficient Significant at 1%; **Coefficient Significant at 5%; 
*Coefficient Significant at 10%. FE: Fixed Effects estimator with region-specific effects and cluster-
robust standard errors; AB-BB: two-step system GMM estimator with robust standard errors and all 
variables considered endogenous; AMG: Augmented Mean Group estimator. Diagnostics: The order of 
integration of the residuals is determined using the Pesaran (2007) CIPS test for Ho of nonstationarity 
(full results available upon request); AB tests: Arellano and Bond tests for 1
st
 and 2
nd
 order serial 
correlation in the first-differenced errors with Ho of no serial correlation, z-statistics are provided with 
p-values in parentheses; CD test: Pesaran (2004) test for Ho of cross-sectionally independent errors, 
test statistics are provided with p-values in parentheses. 
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TABLE 5: ESTIMATION RESULTS (WITH POPULATION CONCENTRATION) 
      
 
   
                                                                          FE estimates                    AB-BB estimates         AMG estimates 
       Coeff.        S.E.         Coeff.      S.E.  Coeff.       S.E. 
ΔLn Primary Graduates -0.14 ** 0.08  -0.23  0.17  -112.44  122.47 
ΔLn Primary Graduates (-1) -0.14 ** 0.07  -0.17  0.13  157.86  105.48 
ΔLn Primary Graduates (-2) -0.27 *** 0.07  -0.22  0.15  -23.46  147.82 
ΔLn Secondary Graduates  0.06  0.09  0.02  0.14  -0.66  0.58 
ΔLn Secondary Graduates (-1) 0.17 ** 0.08  0.27  0.17  -0.16  0.50 
ΔLn Secondary Graduates (-2) -0.18 ** 0.07  -0.14  0.14  -0.84 ** 0.45 
ΔLn Tertiary Graduates -0.06  0.14  -0.14  0.42  0.21  1.31 
ΔLn Tertiary Graduates (-1) -0.21  0.15  -0.07  0.51  0.37  1.75 
ΔLn Tertiary Graduates (-2) 0.33  0.21  0.59  0.44  2.78 * 1.63 
ΔLn Public Capital -18.45 * 10.08  24.98  60.85  27.66  167.02 
ΔLn Public Capital (-1) 32.42  20.07  -50.49  114.10  -151.28  237.07 
ΔLn Public Capital (-2) -14.82  10.57  26.16  55.70  148.54  184.58 
ΔLn Population Concentration    0.69  0.52  -1.11  2.80  -0.53  2.41 
ΔLn Population Concentration (-1) -2.85 *** 0.78  -5.58  3.46  -4.50  3.86 
ΔLn Population Concentration (-2) -2.48 *** 0.61  -1.77  2.81  -0.55  3.22 
ΔLn GDP (-1) -0.18 *** 0.03  -0.15 * 0.06  -0.25 *** 0.10 
ΔLn GDP (-2)    -0.09 ** 0.03  -0.05  0.05  -0.16 ** 0.08 
Constant        0.02 ***       0.01        0.01 0.04 
 
      0.57       0.45 
Order of Integration I(0)  I(0) 
 
I(0) 
AB Test AR (1)  -  -4.44 (0.00) 
 
- 
AB Test AR (2) -  -0.05 (0.95) 
 
- 
CD Test  100.79 (0.00)  1.41 (0.00) 
 
-0.72 (0.47) 
Observations 1020    1020                                    
 
1020 
           
 
Notes: Dependent variable: ΔlnGDPpw. All the variables in natural log differences. Time Period: 1981-
2003. 51 regions. ***Coefficient Significant at 1%; **Coefficient Significant at 5%; *Coefficient 
Significant at 10%. FE: Fixed Effects estimator with region-specific effects and cluster-robust standard 
errors; AB-BB: two-step system GMM estimator with robust standard errors and all variables considered 
endogenous; AMG: Augmented Mean Group estimator.  Diagnostics: The order of integration of the 
residuals is determined using the Pesaran (2007) CIPS test for Ho of nonstationarity (full results available 
upon request); AB tests: Arellano and Bond tests for 1
st
 and 2
nd
 order serial correlation in the first-
differenced errors with Ho of no serial correlation, z-statistics are provided with p-values in parentheses; 
CD test: Pesaran (2004) test for Ho of cross-sectionally independent errors, test statistics are provided with 
p-values in parentheses. 
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APPENDIX: DATA DEFINITION, DESCRIPTIVE STATISTICS AND 
CONSTRUCTION OF EDUCATION DATASET 
 
TABLE 1: DEFINITION OF VARIABLES 
 
VARIABLES DESCRIPTION 
 
SOURCE 
 
GDP per worker 
 
GDP per worker; in Euros, at 2000 constant 
prices; 
 
Hellenic Statistical Authority, 
Quarterly Regional & Satellite 
Accounts Section 
Public Capital per worker 
 
Public capital is calculated using the investment 
of the state budget at regional level, applying 
the perpetual investment method (Rovolis & 
Spence, 2002). The variable is constructed by 
extracting payments for services rendered from 
total regional state budget expenditures. Per 
worker; in Euros, at 2000 constant prices. 
 
Hellenic Statistical Authority, 
Public Sector Survey Section 
& authors’ calculations 
Primary Education Graduates 
 
The fraction of the employed population that 
have completed primary education; at regional 
level (NUTS 3). See Appendix B for 
calculations. 
 
Hellenic Statistical Authority, 
Educations Statistics  
& authors’ calculations 
Secondary Education Graduates 
 
The fraction of the employed population that 
have completed secondary education; at 
regional level (NUTS 3). See Appendix B for 
calculations. 
 
Hellenic Statistical Authority, 
Educations Statistics  
& authors’ calculations 
Tertiary Education Graduates 
 
The fraction of the employed population that 
have completed tertiary education; at regional 
level (NUTS 3). See Appendix B for 
calculations. 
 
Hellenic Ministry of Education, 
& authors’ calculations 
Employment Density  
 
Employment divided by square kilometres; at 
regional level (NUTS 3). 
 
Hellenic Statistical Authority, 
Social Accounts Section 
& authors calculations 
Labor Force Density 
 
Labour force divided by square kilometres; at 
regional level (NUTS 3). 
 
Hellenic Statistical Authority, 
Social Accounts Section 
& authors calculations 
Population Concentration  
 
100*
2
1










N
i
ii ap
 
where pi is the population share of region i or 
prefecture, αi is the area of region or prefecture i 
as a percentage of the country area, N stands 
for the number of regions and    indicates 
absolute value. The index lies between 0 (no 
concentration) and 100 (maximum 
concentration) in all regions. 
 
Hellenic Statistical Authority, 
Social Accounts Section 
& authors calculations 
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TABLE 2: DESCRIPTIVE STATISTICS 
 
 OBS. MEAN   ST. DEV. MIN         MAX 
GDP per worker 1173 27,347.11 7,890.87 14,953.00 85,456.00 
Public Capital per worker  1173 72,192.15 186,829.80 5,606.00 1,646,179.00 
Primary Education Graduates 1173 0.44 0.09 0.14 0.62 
Secondary Education Graduates 1173 0.28 0.10 0.07 0.53 
Tertiary Education Graduates 1173 0.11 0.04 0.04 0.24 
Employment Density  1173 25.47 48.58 3.00 432.30 
Labor Force Density 1173 27.93 52.07 3.70 472.70 
Population Concentration 1173 40.55 0.83 39.36 41.82 
 
 
 
CONSTRUCTION OF EDUCATION DATASET 
 
We compile a dataset which disaggregates the employed population into the three main 
education levels, namely primary, secondary and tertiary education graduates, for the 51 
NUTS 3 Greek regions and the period 1981-2003. We define the primary school graduates 
as a percentage of employment for each year t, as follows: 
PEt = (Employed Primary Education Graduatest-1 + New Employed Primary 
Education Graduatest - Δ(Retirees with Primary Education)t - New Employed 
Secondary Education Graduatest)/Employmentt                                                                       (A1)  
 
So, primary school graduates employed in each year equal previous year‟s employed 
graduates plus new graduates entering employment minus graduates exiting employment 
the current year. The graduates exiting employment are composed of those who retire and 
the employed who obtain the qualification just above primary school (i.e. secondary 
school) the present year. In order to obtain the stock of primary school graduates who 
work every period, we first take the employed primary school graduates from the relevant 
Census year available (1981, 1991, 2001). Second, we estimate this portion for the 
remaining years of 1981-2003 by interpolation and extrapolation using the above 
calculations.
18
  
                                                 
18
 For interpolation we use the csipolate Stata command, which fills the gaps of missing values by averaging 
non-missing values using cubic spline interpolation (Hamming, 1973; Press et al., 2007). For extrapolation, 
we use the ipolate Stata command, which extends a series using linear methods (Stata Reference Manual, 
Release 11, volume D, 2009).  
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Regarding New Employed Primary School Graduates, since we do not have yearly data on 
them, we calculate them for t as the difference in primary school enrollments between 
years t-6 and t-7, given that the duration of primary school in Greece is 6 years, minus the 
percentage of students who did not finish primary school this period. We calculate the 
latter percentage by subtracting the number of students who finished primary school from 
those who enrolled in primary school but did not finish it in t. We precisely calculate this 
percentage for 1981, 1991 and 2003 and interpolate it for the intermediate years. 
Afterwards, we adjust this number by multiplying it by the fraction of the working 
population with primary education. We calculate this fraction for all Census years (1981, 
1991, 2001) and interpolate or extrapolate it for the remaining years of 1981-2003. Please 
note that school enrolment data for primary and secondary education are available for all 
regions and years from the Education Statistics, Hellenic Statistical Authority.  
 
To calculate new retirees, we subtract employed population over 65 in t-1 from the 
employed population over 65 in t with primary education. We calculate these numbers for 
each region by multiplying Greek population with primary education over 65 by the 
portion of the Greek population with primary education over 65, corresponding to the 
respective region. We further subtract from this difference the employed individuals over 
65 with primary education who stop working between t and t-1, taking the difference of 
employed over 65 with primary education between t and t-1. We classify population over 
65 and employed over 65 into different education levels using Census data for 1981, 1991 
and 2001 and interpolate or extrapolate for the remaining years of 1981-2003.  
 
The New Secondary Education Graduatest are calculated taking the difference in 
secondary school enrollments between periods t-6 and t-7 minus the percentage of 
students who did not finish lower secondary school in t, since the duration of secondary 
school in Greece is 6 years. We calculate the latter percentage by subtracting the number 
of students who finished the secondary school grade in which they enrolled from the 
enrolled students who did not finish it in t. We calculate this for 1981, 1991 and 2003 and 
interpolate it for the intermediate years of 1981-2003. We also use total employment data 
for each Census year and interpolate or extrapolate it for the remaining years of the period 
1981-2003 in order to get Employmentt. After these intermediate steps, we calculate 
Employed Primary School Graduates as a percentage of total employment for each year 
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using (A1).  
 
We calculate the secondary and tertiary education graduates as percentages of employment 
in a similar way. Thus: 
SEt = (Employed Secondary Education Graduatest-1 + New Employed Secondary 
Education Graduatest - Δ(Retirees with Secondary Education)t - New Employed 
Tertiary Education Graduatest)/Employmentt.                                                  (A2)  
 
We define Tertiary Education Graduates as a percentage of employment as follows:  
TEt = (Employed Tertiary Education Graduatest-1 + New Employed Tertiary Education 
Graduatest - Δ(Retirees with Tertiary Education)t/Employmentt     (A3) 
 
There is one difference between the calculations of Employed Tertiary Education 
Graduates with respect to the calculation of Employed Primary Education Graduates and 
Employed Secondary Education Graduates as shares of total employment. In the 
numerator of the definition of the first variable, we do not subtract employed people with 
higher than tertiary education qualification in t, as we do for the other two variables, since 
tertiary education is the highest education level we consider. The New Tertiary Education 
Graduatest are calculated taking the difference in tertiary school enrollments between 
periods t-6 and t-7 since the duration of tertiary education in Greece is between 4-6 years. 
Please note that university enrolment data are available for all regions and years from the 
Hellenic Ministry of Education. 
 
 
 
 
 
